Abstract: A-B Di-and B-A-B triblock copolymers with poly(tetramethyleneoxy) (poly(THF)) and poly(tetramethyleneoxycarbonylimino) (poly(TeU)) blocks were prepared by sequential polymerization of tetrahydrofuran (THF) and tetramethyleneurethane (TeU) with the monofunctional initiator methyl trifluormethylsulfonate and the bifunctional initiator trifluoromethanesulfonic acid anhydride, respectively. The block copolymers obtained after purification exhibit a monomodal narrow molecular weight distribution and a uniform microstructure of the two blocks as was deduced from gel permeation chromatography and NMR analysis. The block copolymers are semicrystalline materials with distinct melting points of the poly(THF) and the poly(TeU) domains.
Introduction
Recently, studies on the ring-opening polymerization of cyclic urethanes and the ringclosing depolymerization of [n]-polyurethanes were reported [1] [2] [3] [4] [5] [6] . [4] -and [5] polyurethanes were prepared by means of cationic ring opening polymerization, other [n]-polyurethanes were prepared by means of polycondensation of suitable α,ω−substituted monomers [7, 8] . The thermodynamic characteristics of the monomer/polymer equilibrium were determined for several systems [9] [10] [11] [12] [13] . The standard Gibbs function ∆G 0 pol for the unsubstituted cyclic five, six and seven membered urethane monomers were determined from calorimetric measurements to be -1 kJ/mol, -18 kJ/mol and -42 kJ/mol, respectively. The experimental results revealed that the five membered ring cannot be polymerized and ring-closing depolymerization of the respective polymer results in high yields of the cyclic monomer. The cyclic six membered urethane is polymerized at 100°C and high yields of the polymer are obtained. At higher temperatures, ring-closing depolymerization is prevailing. The seven membered ring is polymerized just above the melting point of the monomer; however, ring closing depolymerization was not observed. Random chain cleavage is the prevailing degradation process.
Ring-opening polymerization of the cyclic six and seven membered urethanes is a chain growth reaction which allows control of molecular weight and end groups. Block copolymers were prepared by sequential ring-opening polymerization of first tetrahydrofuran (THF) and then trimethyleneurethane (TU) [14] . In this communication we present the synthesis of A-B diblock copolymers and B-A-B triblock copolymers by sequential polymerization of first THF and then tetramethyleneurethane (TeU) with A being the poly(THF) block and B the poly(TeU) block(s).
Results and discussion
Cationic ring-opening polymerization of monomers like tetrahydrofuran, 1,3-dioxolane, 2-methyl-1,3-oxazoline or N-tert-butylaziridine were used for syntheses of different polymer architectures like block-and graft-copolymers, telechelics and macromonomers, star and comb-shaped polymers, polymer networks and interpenetrating polymer networks [15] . In our group the cationic ring-opening polymerization of cyclic urethanes, e.g., trimethyleneurethane [3] and tetramethyleneurethane [4] , was studied. The polymerization mechanism corresponds to an activated chain end mechanism suitable for the synthesis of complex polymer architectures. 
Synthesis and spectroscopic characterization of the block copolymers
In order to illustrate the synthetic potential of this new class of monomers, we have prepared block copolymers with THF and TeU blocks. With the monofunctional initiator methyl trifluoromethylsulfonate (TfOMe) A-B diblock and with the bifunctional initiator trifluoromethanesulfonic acid anhydride (TfOTf, triflic anhydride) B-A-B triblock copolymers were obtained, with A being the poly(THF) block and B the poly(TeU) block. The synthetic procedure for the block copolymer synthesis including active site transformation is shown in Scheme 1. In analogy to the sequential polymerization of THF and TU, the addition of TeU to the living poly(THF) chains leads to an active site transformation from a tertiary oxonium ion to an oxazepinium ion. Hereby, the carbonyl oxygen of the TeU reacts with the active poly(THF) chain end, the endocyclic CH 2 -group of the tertiary oxonium ion. As a consequence of this active site transformation the THF polymerization is terminated and TeU polymerization does not occur in solution at room temperature. In order to start TeU polymerization the solvent is completely removed and the residue is heated to 67°C for several hours. It is important to note that a poly(THF) segment with an oxazepinium ion at the chain end is stable with respect to the depolymerization of the poly(THF) block under the conditions of TeU polymerization with a poly(THF) macroinitiator. In other words the formation of oxonium ions can be excluded, since oxonium ions -the active species of THF polymerization -would lead to complete depolymerization of the poly(THF) block at 67°C. According to Ivin, the ceiling temperature of poly(THF) is 80°C [16] . That means that the equilibrium monomer concentration at this temperature is 12.3 mol/L, and at 67°C it is still 8.8 mol/L. The resulting polymer was purified by maceration of the crude product with acetone. Poly(THF) and unreacted TeU are soluble in acetone and were extracted. The acetone insoluble fraction turned out to be the block copolymer. The block copolymers prepared are all soluble in hot dimethyl sulfoxide (DMSO), the solvent which was chosen for NMR spectroscopic analyses, and also in hot N,Ndimethylacetamide (DMAc) which was used for gel permeation chromatography (GPC). The solubility in DMAc is a proof for the absence of poly(TeU) from the reaction product since this homopolymer is insoluble in DMAc.
The results of several sequential polymerizations show that the overall yield of purified block copolymer is between 40 and 60 wt.-% (Tab. 1). In most of the cases, however, the mole fraction of TeU in the feed corresponds to the mole fraction of TeU repeating units in the block copolymer. Differences arise due to fractionation in the work-up procedure by means of washing the solid product with acetone and incomplete conversion of TeU. GPC analyses of the acetone soluble fraction show, beside TeU, a polymeric fraction with a bimodal distribution which according to NMR analysis consists of mainly unreacted poly(THF) and of block copolymer with small poly(TeU) block length. In most of the cases GPC analyses of the acetone insoluble fraction -the block copolymer -reveals an increase in molecular weight with respect to the prepolymer [poly(THF)] and also an increase in polydispersity from M w /M n = 1.1 to 1.3. The M n values obtained by GPC, however, are relative and not absolute values due to the calibration with polystyrene standards. A typical GPC plot of the prepolymer and the block copolymer in DMAc at 82°C is shown in Fig. 1 . The poly(THF) was obtained by quenching a sample of the living poly(THF) solution with water and simultaneous addition of TeU solution to the main part of the living poly(THF) from which the block copolymer was prepared.
The B-A-B triblock copolymer shown in Tab. 1 indicates a decrease in molecular weight as compared to poly(THF). We believe that this GPC result is due to the poor Mole fraction of TeU in the feed. d) Mole fraction of TeU repeating units in the copolymer (after purification). e) Yield and GPC results refer to purified polymers, GPC in DMAc/1.22 gÂL -1 LiCl (polystyrene standards).
solubility of the triblock copolymer; the polymer coil collapses because of the insoluble polyurethane endblocks. (Fig. 3 ) of a purified sample in DMSO-d 6 at 100°C shows all relevant peaks of THF and TeU repeating units. However, due to their low concentration (one or two such diads per polymer chain) THF-TeU diads are not observed. Since poly(THF) is soluble in acetone -the solvent used for extraction of the crude product -it can be concluded that all THF repeating units recorded in this spectrum belong to the block copolymer. The absence of poly(TeU) homopolymer is evidenced by the solubility of the product in DMAc, since poly(TeU) is insoluble in this solvent. 
Thermal characteristics of the copolymers
Differential scanning calorimetric (DSC) analysis of A-B diblock and B-A-B triblock copolymers revealed that microphase separation occurs in both types of polymer. Distinct melting points of poly(THF) and of poly(TeU) domains were observed. Tab. 2 shows quantitative data of two samples and Fig. 4 shows the DSC-trace of a B-A-B triblock copolymer. Upon first and second heating the melting points of the poly(THF) and the poly(TeU) domains (crystalline phases) are observed at 30 to 40°C and at ca. 200°C, respectively. On cooling, crystallization occurs readily which is indicative of the high tendency to (fast) crystallization.
The thermal stability of the block copolymers was determined by means of thermogravimetric analysis of samples 2, 3, 6 and 7 of Tab. 1. In addition, the homopolymers poly(THF) and poly(TeU) were analyzed. The block copolymers show a two step depolymerization. First the poly(TeU) blocks are thermally degraded with a 50% mass loss at 320 -330°C and later the poly(THF) is degraded. This high stability of poly(THF) is a result of the fact that the active species of the THF depolymerization as soon as formed are trapped by the carbonyl oxygen or the nitrogen of the urethane functions. As a consequence the poly(THF) block is depolymerized only in the second step (Fig. 5) . 
Experimental part

Materials
Tetramethyleneurethane (TeU) was prepared according to ref. [4] . Before polymerization, TeU was sublimed at 52° C and 10 -2 mbar. The initiators methyl trifluoromethylsulfonate (TfOMe) and trifluoromethanesulfonic acid anhydride (TfOTf) (from Fluka) were used without further purification. The monomer, initiators and purified reagents were stored under nitrogen. Nitrogen was passed over molecular sieves (4 Å), finely distributed potassium on aluminium oxide and BTS catalyst (from BASF) for purification.
Measurements
1
H NMR and 13 C NMR spectra were recorded on a Bruker DPX-300 spectrometer at 300 MHz and 75 MHz, respectively. DMSO-d 6 and CD 2 Cl 2 were used as solvents. Chemical shifts are given in ppm against TMS as internal standard.
Gel-permeation chromatography (GPC) analyses were carried out using a high performance liquid chromatography pump, a refractive index detector and an ultraviolet detector. For separation four columns with Jordi-gel were applied; length of the column 250 mm, diameter 10 mm, diameter of the gel particles 5 m, pore width 100, 500, 10 3 and 10 4 Å. The eluting solvent was N,N-dimethylacetamide (DMAc) with 1.2202 g/L LiCl and a flow rate of 0.5 mL/min at 82°C; calibration was achieved with polystyrene standards.
Differencial scanning calorimetry measurements were performed on a Perkin Elmer DSC 7 instrument calibrated with indium standard samples.
Syntheses
Poly(THF)-block-poly(TeU) and poly(TeU)-block-poly(THF)-block-poly(TeU). General procedure: Poly(THF)-prepolymer
In a reactor with an automatic heat regulator, THF was polymerized with TfOMe (or TfOTf) as the initiator at 25°C. After a selected time a sample of the active poly(THF) was terminated by addition of water. The resulting poly(THF) was analyzed by means of GPC.
Polymerization of TeU with a mono-or a bifunctional poly(THF) macroinitiator
A certain amount of the active poly(THF) solution obtained after selected reaction times was added to a certain amount of TeU in THF at room temperature (r.t.). Then THF was removed i. vac. and the residue dried for 2.5 h at r.t. and 10 -2 mbar. The amount of poly(THF) introduced into the reaction was determined gravimetrically. The TeU polymerization was performed at 67°C in the melt. After 6 h the polymerization was terminated by cooling to r.t. For purification, the polymer was macerated with acetone and dried to constant weight. Experimental details and characterization of the polymers cf. Tab.1. 
Conclusions
Tetramethyleneurethane was polymerized by mono-and bifunctional poly(THF) macroinitiators, resulting in A-B and B-A-B triblock copolymers. Due to the low polymerization temperature side reactions were not observed. The B-A-B triblock copolymers are expected to be thermoplastic elastomers in a broad temperature range.
